Abstract: The evolution of Drosophila subobscura mitochondrial DNA has been studied in experimental populations, founded with flies from a natural population from Calvià (Majorca, Balearic Islands, Spain). This population, like others founded in Europe, is characterized by the presence of 2 very common (>95%) mitochondrial haplotypes (named I and II) and rare and endemic haplotypes that appear at very low frequencies. Four experimental populations were established with flies having a heterogeneous nuclear genetic background, which was representative of the composition of the natural population. The populations were started with haplotypes I and II at an initial frequency of 50% each. After 33 generations, the 2 haplotypes coexisted. Random drift could be rejected as the only force responsible for the observed changes in haplotype frequencies. A slight but significant linear trend favouring a mtDNA (haploid) fitness effect has been detected, with a nonlinear deviation that could be due to a nuclear component. An analysis of chromosomal arrangements was made before the foundations of the cages and at generation 23. Our results indicated that the hypothesis that the maintenance of the frequencies of haplotypes I and II in natural populations could be due to their association with chromosomal arrangements remains controversial.
Introduction
Natural populations of Drosophila subobscura show a widespread geographical homogeneity with a high prevalence of 2 main and coexisting mitochondrial DNA (mtDNA) haplotypes at the level of restriction site analyses (named I and II), as well as a set of less common haplotypes that are derived from haplotype I and II, which appear at much lower frequencies (Latorre et al. 1992; García-Martínez et al. 1998; Castro et al. 1999; Oliver et al. 2002; Castro et al. 2003) . Studies on populations colonizing the New World have given similar results (Rozas et al. 1990) . A unique exception to date has been detected on the Canary Islands, where an endemic haplotype (named VIII) is predominant on some islands (Pinto et al. 1997) .
The most important purpose of our current research with these haplotypes is the comprehension of their population dynamics by trying to ascertain the evolutionary forces implicated in maintaining the haplotypes in such quasi-equifrequent proportions in nature. Several approaches have been carried out to date. At the nucleotide level, 2 377 bp from 6 mtDNA functional regions that represent 15% of the mtDNA genome were sequenced per haplotype (Moya et al. 1993) . Only 3 differences were found between haplotype I and II, and these differences proved to be silent changes at the protein level, 1 of which corresponded to the HaeIII restriction site located in the ND5 gene that distinguishes both haplotypes. On the basis of these results, as well as others involving the already indicated geographical distribution, haplotypes I and II were considered phenotypically equivalent, although it is possible (and even probable) that further sequencing could reveal significant differences between the 2 mtDNA in the remaining 85% of the genome (Rand 2001) . In fact, when these haplotypes were put together at different frequencies in population cages, haplotype II always displaced haplotype I (García-Martínez et al. 1998) , although more replicates would be needed to confirm this result. Previously, Fos et al. (1990) , found that when haplotypes I and VIII were put together to compete in population cages at different densities and nuclear backgrounds, the mtDNA haplotype that reached fixation was placed within its own nuclear background, thus indicating the importance of the nuclearmtDNA coadaptations. More recently, Castro et al. (1999) and Oliver et al. (2002) proved the existence of transient cytonuclear disequilibria, with nuclear allozyme loci and chromosomal arrangements. Castro et al. (2003) and Christie et al. (2004) studied the mating pattern and female fertility, as well as some fitness components and life-history traits of haplotypes I and II in experimental population cages and in wild populations. They found a superiority of haplotype II over haplotype I in most cases, mainly in mating patterns. In summary, different studies have pointed to practically all the populational mechanisms that can change the gene frequencies (cytonuclear coadaptation, direct natural selection on mtDNA, and random genetic drift, as well as assortative mating) as being forces potentially acting on the mtDNA haplotypes.
The present research falls within the series of studies that many groups have been carrying out in recent years on the evolutionary forces that act on mtDNA. Studies concerning the population genetic dynamics of mtDNA in mainly humans and their associated commensal taxa (flies and mice) have often rejected neutral patterns (reviewed in Gerber et al. 2001) . Similarly, studies on other species of Drosophila have also observed nonneutral behaviour of mtDNA variants (Hutter and Rand 1995) and have provided evidence that maintenance of mtDNA variability could be mediated through cytonuclear interactions (Clark and Lyckegaard 1988; MacRae and Anderson 1988 ; but see Singh and Hale 1990 for an alternative view). Rand et al. (2001) showed that the nuclear-cytoplasmatic polymorphisms could also be maintained by the interaction between X chromosomes and cytoplasm. In a recent paper, Townsend and Rand (2004) discussed the importance of the size variation in the control region (D-loop) for the population dynamics of Drosophila melanogaster. Oliver et al. (2002) studied the linkage disequilibria between mtDNA haplotypes I and II and chromosomal arrangements in a natural population of Drosophila subobscura. They found a disequilibrium between haplotype I and J ST inversion, and between haplotype II and J 1 , though these authors indicated that these results should be taken with caution and some resampling should be carried out to confirm this association, since it is possible that disequilibrium could be transient and could disappear and reappear seasonally.
The present research focused on the population dynamics of the 2 major mtDNA haplotypes when they compete together in experimental population cages in a long term experiment. This study completes that of García-Martínez et al. (1998) in the following senses: (i) more isofemale lines were used to set up the experimental populations; (ii) 4 replicates were made instead of 2; and (iii) the chromosomal arrangement frequencies were considered.
Materials and methods

Foundation of the population cages
Two different population cages (Plexiglas population cages, 20 cm × 18 cm × 30 cm, with 12 jars containing cornmeal) were founded, the first contained haplotype I (cage I) and the second contained haplotype II (cage II). The cage with haplotype I was created with 71 isofemale lines and the cage with haplotype II with 98 isofemale lines. The isofemale lines were collected in a pine forest near Calvià (Majorca island, Spain) in Spring 1997 and the mtDNA haplotypes were determined as described previously in Castro et al. (1999) . Each isofemale line contributed approximately 10-14 adult flies (1:1 male to female) in order to obtain approximately 1000 flies per cage. After 3 days, 250 females and 250 males were caught at random from each cage and put together in a new population cage (mother cage, 1:1 haplotype I to haplotype II) containing 12 new jars with corn-meal food. The quantity of flies was chosen to avoid too much competition in this first generation. The flies were allowed to lay eggs for 3 days and then the 12 jars were transferred to a new population cage (cage A). At the same time, 12 new jars with fresh corn-meal food were introduced in the mother cage and flies were allowed to lay eggs for another 3 days. The jars were then transferred to a new cage (cage B). The same procedure was repeated to found cages C and D. To homogenize the 4 replicates and avoid the effects of age-dependent selection, in each cage, 3 jars were moved so that 1/4 of the jars were from each of the A-D cages (i.e., 3 jars were kept in each cage and the other 9 were replaced by 3 jars from each 1 of the other 3 cages).
Maintenance and sampling of the cages
All 6 cages (cage I, cage II, and cages A-D) were maintained in the laboratory in discrete generations (40 days/cycle) at 19°C, 70% relative humidity and a 12 h light : 12 h dark cycle. Every 40 days the old jars were replaced by new jars and all the flies emerged during this time were allowed to lay eggs for 7 days, after which the new jars were cleared of any adults and transferred to a new cage. To count the flies in the old cages, the adults were left in the cages until they died and became dry. Then a random sample of 200 flies was taken from each cage and the number of males and females was counted. These 200 flies were then weighed using precision scales. Finally, the remaining adults from each Note: The wild sample size was 79 for haplotype I and 113 for haplotype II (data from Oliver et al. 2002) . *The subscript a corresponds to a new inversion whose breakage points could not be determined. cage were weighed and the number of flies was calculated by interpolation.
Inversion polymorphism analysis
The 3 determinations of the inversion frequencies made were as follows: at the first laboratory generation after capture (wild population, data published in Oliver et al. 2002) ; 1 year after the capture of the wild sample, just before the foundation of the cages (Founders), and at the 23rd generation in the cages. A male of each isofemale line or males taken at random from the cages were individually crossed with females from the laboratory strain chcu, which is homokaryotypic for all the chromosomes (A ST , J ST , E ST , O 3+4 , U ST ). The polytene chromosomes of 1 third instar female larvae were stained and squashed in lacto-aceto-orcein solution.
Estimation of the mtDNA haplotype frequencies
Every 3 generations, 100 flies were sampled from each cage and the mtDNA haplotype was determined as indicated below. To prevent biases caused by different eclosion times associated with haplotypes, 1/3 of the flies were taken 2-3 days after the first eclosion, 1/3 after 10 days and 1/3 after 20 days. The mtDNA was extracted simultaneously from 2 flies according to the methodology described in García-Martínez et al. (1998) . DNA was digested with restriction endonuclease HaeIII in a final volume of 15 µL. This enzyme recognizes a single restriction site in haplotype II and 2 sites in haplotype I. In agarose gels, mtDNA bands are therefore easily distinguishable against a background of genomic DNA by visual inspection (15.8-kb band for haplotype II and 9.0-and 6.8-kb bands for haplotype I). Because DNA was extracted from 2 flies simultaneously, the 3 following different restriction fragment patterns could be distinguished: a single 15.8-kb band (indicating that the 2 flies carried haplotype II); 2 bands of 9.0 and 6.8 kb (indicating that the 2 flies carried haplotype I) and 3 bands of 15.8, 9.0, and 6.8 kb (indicating that each fly had a different mtDNA haplotype). Partial digests can be easily distinguished because of both the intensity of the bands and the presence of undigested molecular forms (i.e., supercoiled and relaxed).
Statistical analyses of the inversion polymorphism
Linkage disequilibrium
To test for linkage disequilibrium between the chromosomal arrangements and the mtDNA haplotypes, the D and D′ = D/|D max | parameters (Lewontin 1964; Oliver et al. 2002) were calculated.
The statistical significance of the disequilibria was calculated by means of the Fisher's exact test for independence in a 2 × 2 contingency table (Sokal and Rohlf 1995) . To diminish any statistical artefacts in the significance that could arise when multiple comparisons are made, the following were applied: (i) a sequential Bonferroni test (Rice 1989) to correct the probabilities when many tests are carried out simultaneously; (ii) only those combinations giving expected numbers equal to or greater than 5 in all cells were considered for the analysis; (iii) the least frequent arrangement of each chromosome was omitted to allow for independence among the tests; and (iv) only haplotype I was analysed individually, because the results for haplotype II are the same as for haplotype I, but with a change in sign.
Frequency analysis
The comparisons among the inversion frequencies of the different cages and haplotypes were made by means of R × C tests of independence (Sokal and Rohlf 1995) , calculated with the SPSS package. In these analyses, as before, only those combinations giving expected numbers equal to or greater than 5 were considered for the analysis, and when possible, the cells were grouped to achieve this expected number.
Statistical analyses of population cage data
The intensity of selection acting on mtDNA haplotypes was analyzed following 2 methods. The first method (Fisher and Ford 1947; Schaffer et al. 1977) tests the null hypothesis that changes observed in haplotype frequencies can be explained as the result of random drift. Fisher and Ford (1947) showed that the effective size of a population in each generation and the sample size taken from it can be used to generate a matrix of covariances between the haplotype frequencies observed in the various generations. By means of a χ 2 statistic, this covariance matrix can be used to test the hypothesis that random drift alone accounts for the observed changes in haplotype frequency. This method is sensitive only to fairly large differences in selective values, i.e., of the magnitude s = 0.05 (Schaffer et al. 1977 which may be used to detect selection coefficients as small as 0.01 (Schaffer et al. 1977) . The magnitude of the selection differential per generation is measured by a linear parameter and the significance for such a linear trend, as well as nonlinear deviations, are evaluated by χ 2 tests with 1 and g-2 degrees of freedom respectively, where g is the number of generations elapsed between the samples. Both tests use haplotype frequencies which are arcsin square transformed given in radians. It should be noted that curvilinearity is substantially decreased by this transformation, which has the effect of expanding the scale at the ends of the haplotype frequency range. Additionally, the test can respond to the linear component in a trend, even if the underlying phenomenon is nonlinear. We have considered an effective population size (N e ) equal to the number of females (N f ) used to start each generation, which for organelle genes seems quite reasonable (Birky et al. 1983) . The N f was estimated as indicated above.
To study the influence of the population density on the haplotype frequencies, correlation analyses between the square root of the number of females and the angular transformed frequency of haplotype II were performed for each of the 4 cages and pooling all the data in the following 2 ways: pairing each frequency with the density in the same generation and pairing the frequency of 1 generation with the density of the previous generation.
Presence of Wolbachia
To exclude an incompatibility system promoted by the presence of Wolbachia, a PCR assay using 16S rDNA Wolbachia-specific primers was carried out following the methodology of García-Martínez et al. (1998) . Before creating the cages, 6 lines from the Calvia population were chosen at random (3 of haplotype I and 3 of haplotype II), and tested for the presence of Wolbachia. Positive and negative controls were also used. Since the results were negative, the presence of Wolbachia in the population was excluded. We only used a few lines of D. subobscura because this determination was the second made on the island of Majorca. The first was performed in a different population (Esporles) a few years earlier and was also negative (García Martínez et al. 1998 ). Moreover, we have not detected any kind of cytoplasmic incompatibility in the population such as embryonic death or sex ratio distortion in crosses with different isofemale lines.
Results
Before founding the population cages, we reanalyzed a sample of 100 isofemale lines (50 from haplotype I and 50 from haplotype II) to detect any change in the chromosomal arrangement frequencies in relation with the first determination, because 1 year had passed between the time since we had collected the the population and founded the population cages. The frequencies are indicated in Table 1 , together with the determination made in the isofemale lines collected in the wild and published in Oliver et al. (2002) . There was no heterogeneity for the arrangement frequencies between the 2 samples as shown by R × C heterogeneity tests (highest heterogeneity: χ 2 = 8.47, 7 df, p = 0.293, corresponding to chromosome E). The arrangement frequencies in the 6 cages are also indicated in Table 1 .
The following inversions observed in some cages were not detected either in the wild or the founder samples: A 2+6 , U 1 , U 1+2+3 , U 1+2+6 , O 3+4+8+11 . In addition, some arrangements typical of the Eastern Mediterranean or North Africa (J 3+4 , O 3+4+23+6 ) were observed in the wild sample and were present in the cages after 23 generations.
R × C analyses for heterogeneity in the global arrangement frequencies among the founders and cages A-D were performed. The statistical significance after the sequential Bonferroni correction is shown in Table 2 . In general, 16 out of the 50 comparisons were significant (32%). Among the A-D cages, the heterogeneity was only 27%, with 4 out of the 8 significant comparisons in the E chromosome. It is interesting to note the high frequency of the J 1 and A 2 arrangements in these cages, whereas the others were more polymorphic. This result indicates the great homogeneity in the evolution of the arrangement frequencies in the 4 cages, at least in generation 23. The differences with Founders (40%) could certainly be result of the evolution of the arrangements in the cages. The same differences were detected in the comparison of founders with cages I and II.
The frequency changes of haplotype II over the generations are indicated in Table 3 and Fig. 1 . Both haplotypes persisted in the 4 experimental cages for 33 generations. In fact, in this last generation, the haplotype frequencies were similar to those of the mother cage (generation 0). The χ 2 values under the null hypothesis of random genetic drift and linear directional change, respectively, are given in Table 4 . The changes in cages A and B cannot be explained solely as the result of the action of genetic drift. These cages also showed a negative linear trend that could be attributed to a weak selection, although it must be noted that during the initial generations a significant increase of the frequency of haplotype II was observed in these cages. Different results were obtained in cages C and D, although most of them were not significant. Table 4 also shows the total χ 2 values. The rationale for this grouping is that the 4 cages are replicates of the same base population. Linkage disequilibria values between chromosomal arrangement and haplotype frequencies are given in Table 5 . No value was statistically significant.
The correlation analyses between number of females and frequency of haplotype II gave no significant results when comparing values in the same generation or values of frequencies with values of density in the previous generation.
Discussion
In recent years, we have worked on the population dynamics of the 2 major mtDNA haplotypes (I and II), as well as the less common haplotypes derived from haplotype I and II. The 2 haplotypes seem to have similar fitness in nature, according to the equifrequency found in most populations. We can reasonably assume that both haplotypes are associated with the same nuclear variability in the population cages we founded, because of the high number of isofemale lines used for each haplotype. The results suggest that selection is acting differentially on the 2 haplotypes, either directly on the mtDNA or by some kind of selective coadaptation between the nuclear and the mtDNA genomes (i.e., through epistatic selection and (or) hitchhiking on mtDNA haplotypes). It is difficult to distinguish clearly between mtDNA factors and nuclear-mtDNA interactions, although we can say that the mtDNA is always implicated. To study these possible epistatic interactions, a previous cytonuclear association experiment was carried out between nuclear markers (allozymes) and mtDNA haplotypes (Castro et al. 1999) . In that experiment, 13 allozyme loci were studied and a disequilibrium between mtDNA haplotypes with Acid phosphatase-2 (Acph-2) was detected, although this could represent a transient disequilibrium established at the moment the samples were taken. In addition, it is possible that the choice of the nuclear markers was not the most appropriate. The chromosomal polymorphism for inversions of this species is a much better candidate to use in this type of experiment due to its adaptive value. Drosophila subobscura is broadly distributed in the Old World, was introduced into both North and South America 2 decades ago, and the colonizing flies evolved latitudinal clines for chromosomal arrangements that progressively converged on those of the native populations (Prevosti et al. 1988; Balanyà et al. 2003) . Oliver et al. (2002) detected a significant association between haplotype I and the J ST inversion and between haplotype II and the J 1 inversion. Thus, some kind of epistatic interaction could be considered to explain the equilibrium of haplotypes I and II found in nature. This epistatic interaction could explain the superiority of haplotype II over haplotype I, detected by García-Martínez et al. (1998) Table 5 . Linkage disequilibrium between chromosomal arrangements and haplotype I in founders and in the 4 population cages.
if some kind of mtDNA-inversion interaction was established at the moment the experiments were carried out.
In the present experiment, we showed the disappearance of the cytonuclear disequilibria detected by Oliver et al. (2002) in the founder sample, although in generation 23, cages I and II differed in their J chromosomal polymorphism (R × C test; χ 2 = 6.31, 1 df, p < 0.05) in the same sense as the disequilibrium found in the wild sample. That is, we found an excess of J ST associated with haplotype I and a corresponding excess of J 1 associated with haplotype II. However, this cytonuclear disequilibrium could be transient and appear and disappear with time. On the other hand, the disequilibrium might still be present in the founder sample and not be detected because of its smaller sample size. In cages A-D, no disequilibrium was detected in generation 23. It must be pointed out, however, that these cages are practically monomorphic for J 1 inversion, which makes the detection of any disequilibrium highly improbable.
The question remains, why, after 33 generations, haplotype II did not displace haplotype I, in contrast with the results obtained by García-Martínez et al. (1998) . It is possible that a less competitive pressure has been applied in the present experiment. The N f was not very high (around 2000 or less in most cases) and stressful conditions (e.g., jar desiccation) were avoided in the rearing of the flies. Christie et al. (2004) showed that haplotype II was superior to haplotype I in fitness and some life history parameters. In their paper, the authors asserted that the life in a population cage is very different from nature and a direct extrapolation to nature is not possible. However, Castro et al. (2003) maintain that in the mating pattern or fertility, haplotype I is superior to haplotype II in some cases. In the present work, the coexistence of the 2 haplotypes has been found to be the rule in the 4 cages. Both haplotypes kept similar frequencies to those found in nature.
What can we say about the genetic forces that are acting on the population dynamics of haplotypes I and II? We cannot discard forces such as selection acting on mtDNA variants, temporary hitchhiking of mtDNA haplotypes by the selected nuclear genetic variation, (Kilpatrick and Rand 1995; Babcock and Asmussen 1996) or a functional coadaptation between nuclear and mitochondrial genomes (Clark and Lyckegaard 1988; MacRae and Anderson 1988; Fos et al. 1990; Hutter and Rand 1995) . However, it must be remarked that there is statistical evidence not only of a linear trend favouring a mtDNA (haploid) fitness effect, but also of a significant nonlinear deviation that could be due to a fitness effect of a nuclear component on the haplotype trajectories. All these results were also confirmed by the total χ 2 values. In fact, this is what we would expect to occur in natural conditions, where more trade-offs and several factors are implicated, and, consequently, the mating patterns follow more complicated dynamics, which must change with the seasons, desiccation, weather, etc. Among these factors, the population density could be important, not only in lab conditions, but also in the wild. The fact that in the present work no correlation between density and haplotype frequency could be detected is not surprising, as the sampling method to estimate the haplotype frequencies (1/3 of the flies were taken 2-3 days after the first eclosion, 1/3 after 10 days, and 1/3 after 20 days) was designed to minimize the influence of selection on these estimates. Thus, whether density influences haplotype frequencies remains an open question.
Owing to the complexity of the problem, future research implies the study of the populational dynamics of these haplotypes and others found less frequent in nature, as well as the effect of density. The demographic structural characteristics in Drosophila subobscura show significant differences between seasons (Matos and Rocha Pité 1989) . Thus, a seasonal analysis could be important to characterise the demographic parameters of each haplotype, to check whether one haplotype is favoured momentarily to the detriment of the other. It would be concluded that flies with haplotype I must have some advantage over flies with haplotype II in order to explain the frequencies of both haplotypes found in nature, and it cannot be excluded that cytonuclear interactions, even transient, could have selective importance in a changing environment. Finally, we must also consider the idea that sex differences (i.e., disruptive selection or sexual conflict) may help to maintain haplotype diversity. It seems possible that mitochondria would have different optima in males and females and this may lead to maintenance of a stable polymorphism under a wide array of conditions.
